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Regional water managers face challenges managing water demand and supply in

response to climate change. In British Columbia (BC), <5% of the total land surface is

suitable for cultivation and consequently, urban development and agriculture co-exist

on lower elevation sites and compete for water. Surface and ground water supply

all uses, affecting in-stream habitats and aquifer levels. To assess water needs, we

used a GIS-based water demand model for agricultural water use, with layers for

detailed land use, soils, a digital elevation model, sub-basins, aquifers, and socio-political

jurisdictional boundaries. The model was driven by gridded daily minimum and maximum

temperatures and precipitation at a 500m spatial resolution using historical data

(1961–2010) and downscaled climate scenarios (1961–2100) derived from five CMIP5

climate models under two greenhouse gas concentration scenarios (RCP4.5 and

RCP8.5). Two case studies were examined:

1. Changes in water use were determined for scenarios of climate change and expanded

cropping within the BC Agricultural Land Reserve for 17 agricultural regions. Potential

increases in irrigation water demand (IWD) in response to climate change ranged from

21 to 58 and 30 to 114% under low and high emissions scenarios respectively. Land

use change scenarios resulted in very large potential increases in water demand, up

to 2,400%. Output from this work forms the basis for a web-based agricultural water

license calculator.

2. Effects of crop production systems on IWD were examined in the Okanagan region.

Combinations of pasture and forage crops with inefficient irrigation systems were

most vulnerable to drought as indicated by two indices: relative vulnerability index

(IWD/ETo) and allocation vulnerability index (IWD/Maximum annual water allocation).

In drought years, up to 70% of the irrigated area was vulnerable. A comparison of

detailed land use surveys made in 2006 and 2014 indicated a large shift to highly

efficient irrigation systems in the horticultural sector from 38 to 68% of the irrigated
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acreage. Similar shifts for other agricultural sectors may require financial support.

On-going development of regional drought management will require collaborative

decision making by water suppliers and users.

Keywords: irrigation water demand (IWD), climate change, agricultural land reserve, water management tool, land

use

INTRODUCTION

Concerns about freshwater water availability and use have risen
in recent years as regions have experienced ongoing droughts and
water shortages. Notable droughts have occurred in California,
northern China, Australia, and the Canadian prairies. However,
water stress is not limited to these areas. It was estimated that
36% of the world population lived in water stressed areas in 2011
(Grebmer et al., 2012). These conditions are likely to persist, with
the proportion of the world population living in water stressed
areas predicted to increase to as much as 66% by 2025 (Kjellen
and McGranahan, 1997). This trend is being driven by continued
population growth, environmental degradation, and increasing
overall water demand (Arnell, 1999).

The challenges around water availability and use will be
further complicated by future climate change as variation in
temperature and precipitation, decease the reliability of water
resources (Jiménez Cisneros et al., 2014) and significantly affect
water use (Wang et al., 2014). Broadly speaking, there is a
consensus that some regions will receive greater precipitation
while others less, and long-term seasonal, or short-term water
shortages will likely result from greater variability of precipitation
and reduced snow and ice storage, but how these changes will
interact with demographic and economic factors is still unclear
(Jiménez Cisneros et al., 2014).

Changes to water availability are particularly important to
agriculture. Globally, agriculture is the largest user of water
and that which is required to satisfy irrigation requirements, or
irrigation water demand (IWD), accounts for ∼70% of global
water use (Raskin et al., 1997), and 90% of global consumptive
water use (Shiklomanov and Rodda, 2003). This demand is
projected to increase in response to population growth and
greater demand for agricultural production but at the same time,
research suggests that agriculture will face a disproportionate
level of water stress resulting from climate change compared
to other water uses (Wang et al., 2014). As precipitation
becomes more unreliable, rain-fed agricultural regions will
become more vulnerable to poor production, increasing the
need for irrigation. In general, irrigated systems are more
efficient than rain-fed systems as ∼40% of the world’s food
production is estimated to come from the 17% of agricultural
land that is irrigated (Postel, 2000). However, the poor quality
of some irrigation water may lead to problems with salination
both of soils and groundwater resources in some parts of the
world.

The far-reaching implications of climate change for

agriculture have led to a substantial body of research into
future IWD. Most notably, modeling efforts that employ Global
Climate Models (GCMs) and Earth Systems Models (ESMs)

have contributed significantly to our understanding of future

water demand. These studies examine a range of climate change
scenarios that vary in projected global warming. Assessments at
the global scale range from projections of a slight decrease of
IWD (Zhang and Cai, 2013), to no change (Konzmann et al.,
2013), to increases of 14–45% (Fischer et al., 2007; Wada et al.,
2013) by 2080. While this variation in projections highlights
substantial uncertainty at a global scale, the majority of scenarios
predict that certain regions will experience >20% increase in
IWD (Jiménez Cisneros et al., 2014). For example, there is high
confidence that IWD will increase in Europe, USA, and parts of
Asia, while other regions, such as India and Pakistan, will likely
experience decreases in IWD.

The interregional variation seen in global IWD models is
supported by studies at smaller spatial scales. Regional IWD
models based on GCMs and ESMs have projected a wider range
of future IWD. Annual IWD has been projected to increase by
9–24% by 2100 in the Arkansas River Basin (Elgaali et al., 2007),
by 54–645% by 2095 in Bhadra, India (Rehana and Mujumdar,
2013), and by 2,000% by 2080 in North Rhine-Westphalia,
Germany (Kreins et al., 2015), although current irrigation water
use is very low in this last region. The interregional variability
in projected IWD seen in global studies and supported by the
projections of regional studies highlights the significant influence
of localized climatic conditions on IWD. As a result, while global
and regional models offer insights into future IWD, they are often
of limited benefit to regional water management efforts outside
the area of study.

The Province of British Columbia (BC) has an abundance
of water resources but the amount of agricultural land (∼4.5%)
and access to water are limited by the complex, mountainous
terrain (Walker and Sydneysmith, 2008). Agricultural land in
the province is protected by an Agricultural Land Reserve
(ALR) which comprises 4.599m ha of which 53% falls
within agricultural capability class 1–4, considered suitable
for crop production (https://www.alc.gov.bc.ca.) Agricultural
water supply includes surface flows from rainfall, snowmelt,
glacier melt and groundwater. Annual precipitation ranges
from >3,000mm in coastal regions to <300mm in Interior
rain-shadow valleys. Summers are dry and low summer flows
restrict water availability for both withdrawals and ecological
requirements. British Columbia has experienced increasing stress
on its water resources in recent years with seasonal droughts
in 2003, 2009, 2015, and 2017 resulting in extremely low late
summer and fall stream flows in southern interior and coastal
regions. Additionally, many municipalities implement watering
restrictions for all outdoor uses in response to decreasing
water availability and increasing demand. Water stress in BC
is likely to worsen in response to climate change. Seasonal
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mean air temperatures at most observing stations in B.C. have
increased by at least +0.5 to +2.5◦C since 1950 (Bush et al.,
2014). Over B.C. as a whole, climate model projections indicate
further increases of +1.0 to +3.8◦C for the summer season
and +1.1 to +3.9◦C for the winter season by the middle of
the twenty-first century (ECCC, 2016). Accompanying regional
increases in air temperatures, changes in the intensity and
seasonal distribution of precipitation are also projected to occur,
although there is large uncertainty on the sign and magnitude
of changes by mid-century; over B.C., projected changes range
from −2.8% to +17.8% in summer and +1.5% to +17.9%
in winter precipitation. Southern and northern BC are likely
to experience greater rates of warming, while central BC is
likely to experience a greater increase in precipitation (Pacific
Climate Impacts Consortium, 2013). Taken together, changes in
temperature and precipitation are projected to affect regional
freshwater hydrologic regimes (Zwiers et al., 2011). In western
Canada, projections show that existing glaciers will shrink
60–80% in volume, with some disappearing by 2100 (Clarke
et al., 2015). Nivo-glacial hydrologic regimes will shift toward
pluvio-glacial, altering the timing and quantity of downstream
freshwater supply. Along the coast, minimum losses of 50% of
glacial volume are anticipated for even the lowest emissions
scenario. Snow-melt dominant regimes will shift to be rainfall-
dominant, leading to reductions to both winter snowpack and
late summer flows and increases in winter flooding and summer
drought, especially in the south (Merritt et al., 2006;Mantua et al.,
2010; Shrestha et al., 2012).

Withdrawals from groundwater and the limits to groundwater
supply are not well-recorded in the province. Until the advent
of the Water Sustainability Act in 2016 (https://www2.gov.
bc.ca/gov/content/environment/air-land-water/water/laws-
rules/water-sustainability-act), licensing of groundwater was
not required. Also under the Water Sustainability Act, there
is increased emphasis on maintaining adequate stream flows
to meet eco-system requirements which were not in place
when many agricultural water licenses were granted. Moreover,
there are additional pressures on water resources from fracking
operations within the province (Parfitt, 2017). In fact, there
is a lack of reliable information on water use data from
all sectors which greatly undermines management of water
resources (Parfitt et al, 2012). Adding to these challenges overall
water demand in southern BC is projected to increase as the
population is expected to grow by 1.4 million by 2025 (BC
Ministry of Environment, 2008).

The projected changes to water availability in BC will
have serious implications for agriculture. Currently, agriculture
accounts for 70% of consumptive water use in some areas of the
province.) Reduced water availability may lead to crop failures
and place an extreme financial burden on farmers (Crawford and
Beveridge, 2013). Similarly, changes in climate may necessitate
a transition to crops better suited to the climate, the costs
of which can be prohibitive. These challenges arise at a time
when the emphasis on BC agriculture has never been higher.
Approximately 50% of BC’s agricultural products are supplied
by local farmers and the importance placed on growing local
food is increasing. At the same time, agriculture faces pressures

from competing land uses and volatile international markets
(Crawford and Beveridge, 2013). There is an immediate need to
understand future water availability and water demand in order
to support BC agriculture, and the integration of climate science,
climate model projections and agricultural water management
has been recommended as an important step toward a resilient
agricultural sector (Crawford and McNair, 2012). It is clear then
that greater understanding of climate change and its impacts on
water demand is required to effectively manage BC’s agricultural
water resources for the future.

The most detailed studies on water supply and demand for
multiple uses have been undertaken in the Okanagan Basin in
S. British Columbia. Consequently, in this paper we examine
the Okanagan Basin in more detail. It is one of the few
watersheds that is not glacier fed and that also does not have
any major hydro-electricity developments. The Okanagan R.
is a tributary of the Columbia with 8,000 km2 of the basin
lying in Canada. The climate in the lower elevations is semi-
arid and crops require irrigation. The region has a mixture of
high–value horticultural crops (wine-grapes and tree fruits) and
beef and dairy production. There is a growing urban and rural-
residential population, and earlier studies have indicated that
outdoor water use through irrigation of agricultural and non-
agricultural lands will potentially increase in response to climate
change and urban development. Estimates for the period 1995–
2006 indicated that agricultural irrigation accounted for 54%,
non-agricultural irrigation for 24% of total water use and the
remaining 22% accounted for domestic, industrial, commercial
and institutional indoor use (Van der Gulik et al., 2010). Around
72% of irrigation water came from surface supplies, 23% from
groundwater and 5% from reclaimed water (Okanagan Basin
Water Board, 2011). Agricultural water use was predicted to
increase by 50% between 2010 and 2040 in response to climate
change and agricultural expansion and urban water use by 300%
in response to climate change and growth (http://obwb.ca/wsd/
wp-content/uploads/2014/07/OWSD_Phase3_Scenarios.pdf). In
addition, the Okanagan provides a large portion of the breeding
habitat for the Columbia River sockeye salmon population, and
there has been considerable effort by the Okanagan Nation
Alliance (ONA, www.syilx.org) and Partners to restore the
sockeye salmon run including the development of a decision
support system for managing Okanagan lake flows for fish (Hyatt
et al., 2015).

Supplying water to all of these needs plus those for other
ecosystem requirements is potentially conflict ridden considering
that supply is dependent on highly variable annual snowpack
(https://www2.gov.bc.ca/gov/content/environment/air-land-
water/water/water-science-data/water-data-tools/snow-survey-
data). Since the drought of 2003, there have been several
initiatives to avoid conflicts among water users (particularly
agricultural, domestic users and government departments
protecting environmental flow needs) and to plan for the future
through dialogue (Cohen et al., 2006; Melnychuk et al., 2016)
and scientific assessment of water resources (Merritt et al., 2006;
Neilsen et al., 2006; Okanagan Basin Water Board, 2011). Much
of the dialogue has been led by the Okanagan Basin Water Board
(OBWB) and its Stewardship Council, with a commitment to
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provide scientifically informed decision making (Melnychuk
et al., 2016). As a result there has been an increase in drought
planning, although the efforts are varied. Of the 19 major water
purveyors in the basin, 16% have a full sub-watershed plan taking
into account environmental flow requirements with staged water
restriction; 21% have a drought plan, water conservation plan
and staged water restrictions; 16% have a drought plan with
staged water restriction, 42% have stage water restriction and
5% have no plan at all. Staged water restrictions are frequently
imposed as a percentage water reduction to all users yet for
agricultural users vulnerabilities differ depending on crop, soil
and irrigation system type. However, there is some potential for
adaptation to water shortages by changes in crop and irrigation
practices.

The BC/Canada irrigation water demand model (IWDM)
addresses the need for greater information regarding climate
change and BC’s water resources. This model defines the spatial
boundaries of agricultural production taking into account the
physical landscape—soil and terrain characteristics, and the
managed landscape—agricultural land use. The IWDM was
initially developed to measure and predict agricultural IWD for
the Okanagan Basin and has since been extended, to incorporate
non-agricultural outdoor water use and indoor water use (Van
der Gulik et al., 2010). The results from the IWDM can be
generated for an entire study region or for any number of
sub-regions, for periods ranging from daily to annual. IWD
projections can be assembled for agencies such as municipal
governments and water purveyors, as well as geographic areas
such as watershed sub-basins. This allows for the monitoring of
future water demand over a range of spatial scales, acknowledges
and presents the influence of local climatic conditions, and
ultimately provides local decision-makers with site-specific IWD
projections. The success of the Okanagan Basin Water Supply
and Demand Study (OBWB, 2010 ) has lead to requests from
local governments for the IWDM to be run in other BC regions.
To date, the IWDM has been used to calculate current water
demand in a 17 regions across BC (The Partnership for Water
Sustainability in BC, 2015). With this information local water
managers and stakeholders are better able to plan strategically for
the future of BC’s water.

Given the need for a regional understanding of the
implications of climate change on future IWD, two case studies
are presented:

1. A comprehensive review of projected IWD in BC’s agricultural
regions from 2000 to 2100, including the uncertainty
surrounding projected IWD and the implications of
developing additional land for agricultural uses.

2. An analysis of vulnerabilities and adaptation in water use in
the Okanagan Basin in response to agricultural land use and
irrigation management.

METHODS

Study Areas
The study focuses on 17 regions in BC where agriculture is
prominent or has the potential to be prominent in the future

(Figure 1). The dimensions of the study regions examined
in this paper evolved through previous applications of the
IWDM. It was initially developed for the Okanagan Basin
and its successful application in the Okanagan Basin Water
Supply and Demand Study resulted in requests from other
municipalities and regional districts. The nature of subsequent
studies and the dimensions of the modeling regions were thus
defined by the requesting administrative or civic organization.
Thus some regions conform to regional district boundaries
and others to river basins (Figure 1; Table 1). The Cariboo
region as represented in the current study is just a small
fraction of the Cariboo Regional District area. Regardless of
the motivations behind their origins, the study regions are all
host to significant agricultural activity. The Agricultural Land
Reserve (ALR) in the study regions ranges between ∼2,200
ha (S. Gulf Islands) to ∼195,000 ha (S. Thompson) of which
only a small fraction is irrigate, between <1% (Cariboo) and
32% (Cowichan) (Table 1). Agricultural capability class (1–4)
land, considered suitable for crop cultivation, also varies among
regions. Generalized information (https://www.alc.gov.bc.ca)
indicates that, within the ALR, coastal regions have ∼74%,
and interior regions have ∼55–60% class (1–4) land, with the
exception of the Cariboo region which has around 37%. Much of
the remaining ALR area is in pasture and range. The source of
water for irrigation was identified by linking agricultural lots to
surface water licenses (Table 1). Lots not linked to surface water
licenses were, by default, assigned to groundwater sources, and
where possible specific aquifers. Details on specific subbasins
and aquifers sources are available in the IWDM reports for
specific regions (https://www2.gov.bc.ca/gov/content/industry/
agriculture-seafood/agricultural-land-and-environment/water/
water-management/agriculture-water-demand-model). The
Okanagan region also has a small supply ∼5% of reclaimed
water. However, it should be noted that the production of fresh
fruits and vegetables requires potable water, so reclaimed water
is only a possibility for non-food crops (https://www.canadagap.
ca/). The regions cover most of Southern British Columbia which
has a widely varied landscape, characterized by coastal valleys,
high mountain ranges and inter-montane plateaus and basins.
Climate is also highly variable resulting in vegetation types
ranging from coastal temperate rainforests to dry interior forests,
sage brush and grasslands. Growing season effective precipitation
(EP) (rainfall > 5mm) and potential evapotranspiration (ETo)
(Table 1) were derived from the climate data sets used to run the
IWDM (see below for details). Growing season mean EP ranged
between 59mm (N. Thompson) and 265mm (Fraser Valley) and
mean ETo between 400mm (Cariboo) and 634mm (Okanagan)
with the largest moisture deficits (ETo-EP) occurring in the
Okanagan region.

IWDM
The IWDM is driven by detailed land use data and gridded
precipitation and temperature data. Land use information
comprised of mapped crop type, irrigation system, and soil
type, was collected for all study regions and stored in a GIS
database (Van der Gulik et al., 2010). Land use was represented
as cadastral parcels that denoted property boundaries. These

Frontiers in Environmental Science | www.frontiersin.org 4 August 2018 | Volume 6 | Article 74

https://www.alc.gov.bc.ca
https://www2.gov.bc.ca/gov/content/industry/agriculture-seafood/agricultural-land-and-environment/water/water-management/agriculture-water-demand-model
https://www2.gov.bc.ca/gov/content/industry/agriculture-seafood/agricultural-land-and-environment/water/water-management/agriculture-water-demand-model
https://www2.gov.bc.ca/gov/content/industry/agriculture-seafood/agricultural-land-and-environment/water/water-management/agriculture-water-demand-model
https://www.canadagap.ca/
https://www.canadagap.ca/
https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/environmental-science#articles


Neilsen et al. Landscape Based Water Demand Modeling

FIGURE 1 | Map of British Columbia regional districts and IWDM study regions.

TABLE 1 | Regional characteristics: agricultural land reserve (ALR), irrigation water source, mean growing season effective precipitation (EP) and potential

evapotranspiration (ETo).

Study region Region type ALR (Ha) Irrigated area (Ha) Water sourceZ

surface (%)

EPY (mm) EToY (mm) ETo-EPY

Mean (mm) Max (mm)

Bonaparte (I) BasinX 39,626 2,976 92 94 486 392 532

Cariboo (I) RDW 84,295 586 88 114 400 286 428

Comox (C) RD 22,626 1,691 43 164 557 393 553

Cowichan (C) RD 7,865 2,504 66 136 584 448 616

E. Kootenay (I) RD 91,517 5,770 73 116 528 412 574

Fraser Valley (C) RD 187,735 15,455 66 265 603 338 479

Kettle Valley (I) Basin 45,820 3,988 61 106 604 498 664

Lillooet (I) RD 17,360 1,369 89 77 546 469 618

Nicola (I) Basin 126,402 6,537 78 137 588 451 691

N. Okanagan (I) RD 68,676 14,966 52 117 580 463 667

N. Thompson (I) RD 64,863 6,639 82 59 485 426 596

Okanagan (I) Basin 81,671 20,548 75 107 634 526 706

Pemberton (C) RD 9,027 811 57 124 610 485 636

Salmon River (I) Basin 29,248 4,835 85 120 556 436 678

Similkameen (I) Basin 35,937 4,533 56 85 581 496 648

S. Gulf Is. (C) RD 2,213 108 11 91 491 400 506

S. Thompson (I) RD 194,743 6,911 71 90 582 493 679

ZWater supply was identified by linkage of agricultural lots to surface water licenses (private or water purveyor). With the exception of the Okanagan, which has 5% water supply from

reclaimed sources, remaining irrigation water is considered to be supplied from groundwater.
YCalculated for 1961–2000 for agricultural regions during the growing season (does not include non-agricultural and high elevation areas).
XArea defined as a watershed (I) interior or (C) coastal environments.
WArea defined as a Regional District; Cariboo sample area is only a small part of the Cariboo Regional District.
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parcels were divided into polygons according to crop, irrigation
and soil texture. The IWDM calculates IWD for each polygon
for each day within the modeling period (Van der Gulik
et al., 2010; Neilsen et al., 2015). Daily temperature data
were used to calculate potential evapotranspiration in each
climate grid cell using a modified Penman–Monteith method
(Allen et al., 1998). Daily crop water use was calculated
from potential ET modified by specific crop coefficients, crop
rooting depth and rooting efficiency. After accounting for
surface evaporation, available water stored in the soil and daily
effective precipitation (>5mm), IWD was calculated based
on the daily crop water use, modified by irrigation system
efficiency and losses to deep water percolation. Available water
storage capacity and surface evaporation were determined by
soil texture and losses to deep percolation by combinations of
soil texture and irrigation system type. Details of coefficients
used in the model are found in Van der Gulik et al. (2010).
The IWDM was validated using pump data from a major water
purveyor in the Okanagan Region, South East Kelowna Irrigation
District. Because both agricultural irrigation and all other out
water uses (domestic outdoor, parks and recreation outdoor,
domestic, commercial, industrial and institutional indoor), were
supplied through the same distribution system, output from
the full version of the water demand model, which accounts
for all of these uses (Van der Gulik et al., 2010), was used
in the validation (Supplementary Figure 1). Weekly modeled
and measured water use for the years 1995 to 2006 were
well-correlated (R2 = 0.91; p < 0.01).

IWDM Specifications
Agricultural Land Development
With a changing climate and a predicted increase in demand
for agricultural products in the future, there is the potential
for the expansion of land used for agricultural purposes.
Land currently regarded as unsuitable may become suitable
with warming temperatures and changing precipitation patterns
(Neilsen et al., 2017). Further, increased demand for agricultural
products may make agriculture more economically attractive.
Accordingly, land that was determined to be suitable for irrigated
agriculture was included in the simulations. Criteria included
slope, elevation, current use, distance to water source, and
presence in the Agricultural Land Reserve with an agricultural
capability class of 1–4 (Supplementary Table 1). Depending on
local factors, parcels of suitable land were assigned alfalfa or apple
as their crop type.

Seasonality of Irrigation Water Demand
Within the IWDM, the start and end of each crop’s growing
season are determined by internal temperature-based rules
driving crop phenology (Van der Gulik et al., 2010). This allows
the start, end, and length of the growing season to change
in relation to the influences of climate change. For example,
the growing season may begin earlier or end later as the
result of warmer temperatures. However, it must be noted that
this approach also potentially challenges the current legislated
irrigation season boundaries developed in response to previous
climate normals.

Climate Data
The IWDM was run with both historical and future climate
data. Observed daily historical climate data was based on the
300 arc second (∼10 km) gridded ANUSPLIN dataset (1961–
2010) (McKenney et al., 2011). To model past and project
future IWD for each region in BC, simulated temperature
and precipitation (1961–2100) from an ensemble of climate
models under historical and two future global socio economic
development scenarios were used as input to the IWDM.
Daily temperature and precipitation data were obtained from
archived Coupled Model Intercomparison Project Phase 5
(CMIP5) simulations by GCMs and ESMs driven by scenarios
representing potential future paths of global socio-economic
development. These scenarios, Representative Concentration
Pathways (RCPs), differ according to the concentration of
greenhouse gas emissions (GHG) that may result from different
development paths (Meinhausen et al., 2011). Four RCP
scenarios, 2.6, 4.5, 6.0, and 8.5 indicate possible radiative
forcing values (W·m−2) in 2100 relative to pre-industrial
values. For the purposes of this study, the RCP2.6 scenario
was excluded as it seemed unlikely that its assumptions
would be borne out. It assumes that global GHG emissions
will peak between 2010 and 2020, with emissions declining
after that. Additionally, RCP6.0 was omitted as it represents
a middle-ground between RCP4.5 and RCP8.5, and offered
comparatively less insight into the range of potential changes in
IWD.

Previous research has recommended using a multi-model
and multi-climate forcing approach to represent uncertainty in
IWD projections (Gosling et al., 2011). Accordingly, data from a
subset of five climate models (Table 2), selected from the CMIP5
ensemble to span the range of projected temperature and changes
in the region (Cannon, 2015), was used to drive the IWD for the
RCP4.5 and RCP8.5 scenarios, with outputs from each scenario
condensed into an ensemble mean. To complement the ensemble
mean, which reduces variability, smoothing out projected values,
the range, standard deviation, and coefficient of variation of
projected values were also calculated. This workflow is described
in Supplementary Figure 2.

Downscaling
To accommodate the effects of complex terrain in the region
on climate conditions, fine-scaled (500m) gridded datasets of

TABLE 2 | Global Climate Models (GCMs) and Earth System Models (ESMs) used

in this study.

Model name Abbreviated name Model type

Australian Community Climate and

Earth-System Simulator

ACCESS ESM

Canadian Earth System Model CanESM2 ESM

Centre National de Recherches

Meteorologiques Climate Model

CNRM-CM5 GCM

CSIRO Mk3.5 CSIRO Mk3.5 GCM

Institute of Numerical Mathematics

Climate Model

INMCM4 GCM
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FIGURE 2 | Boxplots of modeled annual IWD for 16 agricultural regions in British Columbia in response to greenhouse gas emissions (RCP 8.5) and historical climate

data for the period 1961–2010. Greenhouse gas emission scenarios data include output from five climate models ACCESS, CanESM2, CNRM-CM5, CSIRO Mk3.5,

INMCM4.

daily minimum, maximum temperature and precipitation were
downscaled from the historical ANUSPLIN and future GCM
climate data. The 300 arc second (∼10 km) historical ANUSPLIN
dataset for 1951–2010 (McKenney et al., 2011) was spatially-
disaggregated using a local lapse rate upsampling algorithm
(Wang et al., 2006) and then bias corrected so that climatological

monthly means matched the Pacific Climate Impact Consortium
PRISM climatology https://www.pacificclimate.org/data/prism-
climatology-and-monthly-timeseries-portal. This produced
historical daily climate surfaces for 1961–2010. GCM and
ESM outputs for British Columbia (Table 2) were statistically
downscaled onto the ANUSPLIN grid using the Bias-Corrected
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Constructed Analogs with Quantile mapping reordering
(BCCAQ) algorithm (Werner and Cannon, 2016) to produce
daily climate surfaces for 1961–2100. http://www.pacificclimate.
org/data/statistically-downscaled-climate-scenarios. Outputs
were then spatially disaggregated and bias corrected in the same
manner as the historical ANUSPLIN dataset.

Data Analysis
The ensemble means of projected IWD were summarized as
annual totals and presented for 2000–2100 for each region.
Simple linear regression using the least squares approach was
applied to the projected IWD to show the average rate of
increase over the study period for each region. Additionally,
the range of potential IWD-values for each year in each region
is presented. Uncertainty was captured through absolute and
relative uncertainty. Absolute uncertainty was calculated as the
standard deviation of the five model outputs for each year,
for each scenario. As with the IWD, simple linear regression
was applied to the standard deviation to show the trend in
standard deviation over the study period. Relative uncertainty
was represented as the coefficient of variation for the first
and last year of the study period for each region, and each
scenario. This illustrates the change in uncertainty over the study
period. Finally, IWD that may result from the development of
agricultural landwas also summarized annually and presented for
2010–2040.

Okanagan Basin Case Study
Two detailed land use data sets were assembled for the Okanagan
Basin, one surveyed in 2005–2006 (Van der Gulik et al., 2010) and
the second in 2013–2014 according to the same methodology.
Both land use datasets (labeled 2006 and 2014), were run
through the IWDM using the historical climate data allowing
comparisons of land use, irrigation system use and water use.
Thirty-two crop production systems were identified in 2006
and 40 in 2014. In each case there were 18 different types of
irrigation management system resulting in a potential 536 crop
× irrigation combinations in 2006 and 720 combinations in
2014. Because of the large number of combinations, results are
presented for grouped data: 6 crop classes reflecting rooting
depth and function; 5 soil texture classes reflecting available
water storage capacity and 4 irrigation system classes reflecting
efficiency (Supplementary Table 2). The region has the highest
in-season water deficits (ETo-EP) in Southern BC (Table 1).
Water shortages can occur because of (1) low spring mountain
snowpack (SWE) causing low reservoir storage; (2) low in-season
precipitation (EP) and (3) high in-season potential ET (ETo)
(Supplementary Figure 3) These do not necessarily coincide
with provincially declared hydrologic droughts associatedmainly
with low late summer flows in unregulated streams. Mountain
snow pack is highly variable, ranging between 212 and 775mm
in April and 13–775mm in May (Supplementary Figure 3A).
The most notable water shortages have occurred when low
in-season EP coincides with high in-season ETo as in 2003 for
example (Supplementary Figure 3B). These occurrences lead to
high in-season water deficits (707mm in 2003) and the low EP
also results in low stream flows and an increased dependence

on storage resulting in greater vulnerability for agriculture.
Two indices of vulnerability were created. The first index was a
ratio of IWD to potential evapotranspiration (IWD/ETo) which
indicated the relative vulnerability of crop/irrigation system/soil
combinations to water demand. The second index was a ratio of
IWD to the maximum allocations for selected water purveyors
which usually would be reduced in response to drought. In all
cases, the selected purveyors have water storage in high elevation
reservoirs which supply irrigation needs in the growing season.
Drought management tools are based on “trigger” graphs related
to reservoir levels throughout the year usually with five stages,
0–4. Restriction on agricultural producers vary and may call
for a reduction in water use in July and August to 50–70%
of maximum allocation for stage 3 to a complete restriction
of irrigation for stage 4. The water allocation vulnerability
index compared estimated water use with maximum allocation
values (550, 686, and 800 mm/yr respectively), for three
irrigation districts from the North, Central and South
Okanagan.

RESULTS

Irrigation Water Demand (IWD) in British
Columbia Agricultural Regions
Water use from 1961 to 2010 was calculated using both historical
climate data and the suite of downscaled climate models
(Table 2). Historical IWD varied widely among region, ranging
between median values of 0.6 MCM (m3

× 106) for the Southern
Gulf Islands region and 115 MCM for the Okanagan Region

TABLE 3 | Historical average IWD (1961–2000) and projected increase in demand

(2000–2100) in response to two greenhouse gas scenarios.

Region IWD

Historical

1961–2000

RCP 4.5 RCP 8.5

m3
× 106 m3

× 106 % m3
× 106 %

Bonaparte 17.30 7.71 45 12.02 69

Cariboo 2.06 1.40 68 2.25 109

Comox 7.38 2.26 31 3.34 45

Cowichan 12.46 3.81 31 4.53 36

E. Kootenay 31.16 11.13 36 24.60 79

Fraser Valley 103.65 35.59 34 51.49 50

Kettle Valley 33.50 12.86 38 19.49 58

Lillooet 9.49 3.95 42 6.06 64

Nicola 46.83 21.31 46 33.72 72

N. Okanagan 90.83 35.20 39 54.56 60

N. Thompson 46.13 17.34 38 27.52 60

Okanagan 116.52 42.43 36 63.50 54

Pemberton 5.57 1.60 29 2.34 42

Salmon River 28.06 11.75 42 18.59 66

Similkameen 26.74 10.28 38 15.29 57

S. Gulf Islands 0.68 0.16 23 0.23 33

S. Thompson 48.32 28.36 59 46.05 95
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TABLE 4 | Uncertainty in projected IWD 2000–2100.

Region RCP4.5 RCP8.5

2000 2100 2000 2100

σ (m3
× 106) CV σ (m3

× 106) CV σ (m3
× 106) CV σ (m3

× 106) CV

Bonaparte 3.30 0.18 5.00 0.19 2.55 0.13 6.73 0.22

Cariboo 0.57 0.23 0.84 0.22 0.50 0.2 1.16 0.25

Comox 1.49 0.18 2.11 0.2 1.43 0.17 2.59 0.22

Cowichan 2.75 0.2 3.63 0.2 2.64 0.18 3.91 0.2

Fraser Valley 27.09 0.24 31.96 0.22 25.52 0.23 34.49 0.21

Kettle Valley 5.39 0.17 7.67 0.17 4.58 0.14 9.07 0.17

Kootenays 16.61 0.19 19.27 0.16 13.78 0.17 26.94 0.19

Lillooet 1.58 0.15 2.56 0.18 1.30 0.12 3.26 0.19

Nicola 7.90 0.16 12.39 0.17 6.37 0.12 16.07 0.19

N. Okanagan 17.29 0.17 23.48 0.17 14.37 0.14 30.64 0.2

N. Thompson 7.77 0.16 10.26 0.15 5.54 0.11 14.68 0.19

Okanagan 22.26 0.19 28.46 0.18 19.67 0.16 33.76 0.18

Pemberton 0.83 0.16 1.09 0.16 0.70 0.14 1.39 0.19

Salmon River 5.46 0.2 7.61 0.19 4.23 0.15 10.15 0.22

Similkameen 4.15 0.13 5.77 0.14 3.56 0.11 6.85 0.14

S. Gulf Islands 0.13 0.17 0.15 0.17 0.12 0.16 0.16 0.16

S.Thompson 7.54 0.17 11.13 0.15 6.66 0.16 15.14 0.18

TABLE 5 | Current and potential (additional) land base and projected additional IWD in response to 100% increase in agricultural land development and two greenhouse

gas scenarios for BC agricultural regions by 2100.

Region Land base IWD

Current Potential Total Historical 1961–2000 RCP4.5 RCP8.5

Ha Ha %ALR m3
× 106 m3

× 106 % m3
× 106 %

Bonaparte 2,976 2,418 14 17.30 16.72 97 17.63 102

Cariboo 586 10,012 13 2.06 48.86 2371 51.04 2477

Comox 1,691 4,759 29 7.38 24.16 328 25.82 350

Cowichan 2,504 4,431 88 12.46 22.74 182 24.25 195

E. Kootenays 5,770 8,933 37 31.16 56.97 183 60.7 195

Fraser Valley 15,455 18,650 17 103.65 130.44 56 135.86 58

Kettle 3,988 3,843 8 33.50 32.01 96 34.13 102

Lillooet 1,369 191 9 9.49 1.66 17 13.98 147

Nicola 6,537 9,673 13 46.83 68.79 147 72.08 154

N. Okanagan 14,966 20,573 52 90.83 139.03 153 146.77 162

N, Thompson 6,639 18,365 39 46.13 127.1 276 131.65 285

Okanagan 20,548 5,800 32 116.52 35.33 30 38.04 33

Pemberton 811 2,423 36 5.57 15.51 278 16.39 294

Salmon River 4,835 6,779 40 28.06 38.88 139 41.36 147

Similkameen 4,533 1,827 18 26.74 2.68 10 11.53 43

S. Gulf Islands 108 460 4 48.32 9.55 20 9.78 20

S. Thompson 6,911 1,119 26 0.68 2.48 362 2.65 387

(Figure 2). In general, similar median results were found for
the climate model simulations over the historical time period
(1961–2010), although the range was greater for the ensemble
model outputs due to sampling multiple realizations of natural
climate variability by the five different CMIP5 climate models.

The inter-annual range for the historic data set falls within the
extreme values generated by the five CMIP5 models and within
the 95% confidence interval of the ensemble mean. There is a
slight upward trend in the ensemble mean that is not evident in
the historic data.
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Trends in IWD between 2000 and 2100 were derived from
linear regression lines fitted to the annual ensemble means. In
all study regions IWD was projected to increase between 2000
and 2100 (Table 3). For the RCP4.5 scenario increases in IWD
ranged from 21.3 to 63.7%, with 14 of the 17 regions expected to
see increases>30%. Under the RCP8.5 scenario, every region was
projected to have greater IWD relative to the RCP4.5 scenario.
Projected increases in IWD under RCP8.5 ranged from 29.8 to
114.1%, with 14 of the 17 regions experiencing >40% increase
in IWD. Increases in IWD were highly variable among regions.
In both scenarios the Cariboo and S. Thompson regions were
projected to see the greatest increases in IWD. Conversely, the
regions on or adjacent to Vancouver Island (Comox, Cowichan,
and S. Gulf Islands) were projected to see the smallest increases
in IWD. Increases in IWD were also highly variable among
scenarios in each region. The difference between the RCP4.5
and RCP8.5 scenarios was most pronounced for the Cariboo,
Kootenay, and S. Thompson regions. Those regions near the
south coast (Comox, Cowichan, S. Gulf Islands, Fraser Valley)
had the least variation between scenarios.

To clarify the reasons for the differences between coastal
and interior regional responses, changes in ETo and seasonal
water deficits (ETo-EP) were examined for CanESM2 RCP8.5
scenarios for the S. Gulf Islands and Cariboo regions. In the
coastal example, there was relatively little change in either ETo
or ETo-EP throughout the century (Supplementary Figure 4A).
The larger spread in ETo-EP than ETo was due to the range
in EP data. In the Interior example, both ETo and ETo-
EP increased linearly over time, and again the range in EP
data increased the spread for the water deficit calculation
(Supplementary Figure 4B). In both cases, there was no trend in
precipitation data.

Uncertainty
Absolute uncertainty (σ) increased over the study period (2000–
2100) for all regions in both scenarios (Table 4). It was also
greater in RCP8.5 than RCP4.5 scenarios in all regions at the end
of the study period. In some regions, the difference in absolute
uncertainty between the two scenarios in 2100 was substantial
(e.g., Kootenays, North Okanagan) while in others the difference
was minimal (Southern Gulf Islands).

A comparison of relative uncertainty (CV) at the beginning
and end of the study period shows that uncertainty in the RCP4.5
scenario was generally stable. Relative uncertainty remained the
same or slightly decreased in 12 of 17 regions in the RCP4.5
scenario. In contrast, relative uncertainty in the RCP8.5 scenario
increased in every region other than the Fraser Valley and S. Gulf
Islands. Comparing the two scenarios, RCP8.5 had lower relative
uncertainty in all 17 regions in 2000, but a slightly greater relative
uncertainty in 11 of 17 regions in 2100.

Agricultural Land Development
As would be expected, projected IWD increased as additional
agricultural land was developed (Table 5). Projected increases for
scenario RCP4.5 and RCP8.5 were nearly identical in response to
development relative to their respective baselines. Just as in the
non-development scenarios, interregional variation in IWD was

TABLE 6 | Areal distribution of grouped soil texture, irrigation system, and crop

rooting attributes for the Okanagan basin in 2006 and 2014.

Attribute % Total basin area

Soil texture V. coarse Coarse Medium Fine V. fine

2006 land

use data

0.07 10 56 18 16

2014 land

use data

0.05 10 58 18 15

Irrigation

system

Drip Micro Sprinkler Gun Flood

2006 land

use data

13 9 66 12

2014 land

use data

23 13 55 9 0.20

Crop rooting V. deep Deep Grape Medium Shallow V. Shallow

2006 land

use data

16 14 15 19 36 0.56

2014 land

use data

14 22 19 13 31 0.53

considerable, ranging from a projected ∼10–2,477% increase in
both scenarios. It is important to note that a region’s increased
IWD is dependent on the amount of potential agricultural land
available in conjunction with the effects of climate change. Thus,
in this case interregional variation was less influenced by local
climatic conditions and more by differences in the amount of
agricultural land available.

Okanagan Basin Case Study
Land Use Characteristics
Due to slight shifts in crop area and crop type, there were slight
differences in the texture of irrigated soils between the 2006 and
2014 surveys (Table 6) and over 50% of the irrigated area had
medium textured soils which were predominantly sandy loams
(Supplementary Table 2). Use of sprinkler irrigation systems
were dominant in both land use surveys but had decreased by
10% in 2014 with a concomitant increase in more efficient micro-
irrigation and drip systems. The area under grapes and other
deep rooted crops (primarily forage crops) increased in the 2014
survey while the area under medium and shallow rooted crops
decreased. Efficient irrigation systems (drip andmicro-irrigation)
were associated with horticultural production as they are best
adapted to crops grown in rows (Figure 3A). The choice of
irrigation systems is more limited for pasture and forage crops
although there was some evidence of change from less efficient
gun to sprinkler systems in 2014. Between 2006 and 2014 there
was a large shift to efficient irrigation systems in horticultural
crops with 68% of the horticultural area under drip and micro-
irrigation in 2014 compared with 38% in 2006 (Figure 3B).

Relative Vulnerability Index (IWD/ETo)
There was considerable annual variation in the overall relative
vulnerability index (Figure 4A) which was related to growing
season temperatures and precipitation. The magnitude of the
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FIGURE 3 | Areal distribution of (A) Okanagan Basin major cropping and irrigation systems and (B) horticultural irrigation systems in 2006 and 2014.

relative vulnerability index varied annually and was largest in
1998, 2002, and 2003 (hottest and driest years) and lowest in 1997
(coolest and wettest year). In hot dry years, between 60 and 70%
of the basin irrigated area had a relative vulnerability index>1.0
which fell to <5% in wet cool years (Figure 4B). Crops grown on
finer textured soils had lower relative vulnerability indices than
those grown on coarser soils, and in general shallow rooted crops
grown on coarse textured soils the highest relative vulnerability
indices (Figures 5A,B). Irrigation system also greatly affected the
relative vulnerability index with gun and flood irrigation giving
rise to high relative vulnerability indices, even for deep rooted
crops, and drip irrigation resulting in low relative vulnerability
indices (Figures 5C,D).

Water Allocation Vulnerability Index
(IWD/Maximum Water Allocation)
Estimated annual IWD was compared with maximum allocation
values (550, 686, and 800 mm/yr., respectively), for three

irrigation districts from the North, Central and South Okanagan.
All three regions had over 50% of their area in medium textured
soils, mainly sandy loams (Table 7). The Central Okanagan had
more coarse textured soils than the other two regions. The three
irrigation districts had different cropping profiles, with the N.
Okanagan dominated by pasture and forage crops, which can
be both deep and shallow rooted (Supplementary Table 2), and
inefficient irrigation systems, when compared to the Central
and S. Okanagan. Between 2006 and 2014, the area in wine
grapes had doubled in all three regions and the amount of
drip irrigation had increased five-fold in the Central Okanagan.
Maximum allocations were exceeded in all regions with the
area affected depending on year and region (Figure 6). There
were slight differences in vulnerability for the two land use
surveys. For the 1996 survey, between 1997 and 2010, allocations
were exceeded in more than 50% of the area in 11 years for
the N. Okanagan, in 5 years for the Central Okanagan and in
1 year for the S. Okanagan. For the 2014 survey, allocations
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were exceeded in more than 50% of the area in 8 years
(N. Okanagan), 4 years (Central Okanagan) and 0 years (S.
Okanagan) In 2003, one of the hottest, driest years, maximum
allocations for the 2006 land use data were exceeded for 93%),
84% () and 53% (of the irrigated area respectively North, Central
and South Okanagan districts and for the 2014 land use data
they were exceeded for 91, 85, and 47% of the irrigated area
for the three districts respectively. These results indicate an
imbalance between expected maximum irrigation requirements
and maximum allocation. The magnitude of the water allocation
vulnerability index ranged between 0.55 and 2.26 for the North
Okanagan, between 0.46 and 1.94 for the Central Okanagan and
between 0 and 1.38 for the South Okanagan. In all locations,
crops irrigated with inefficient systems (gun and sprinkler) were
most affected regardless of rooting depth and those irrigated
with drip and micro sprinklers were usually minimally affected.
Wine grape crops were rarely affected, mainly because the IWD
model accounts for the lower water requirements for their
production. The effects of crop production system, soil texture
and irrigation system on the magnitude of the water allocation
vulnerability index are illustrated for the North Okanagan in
2003 (Figure 7). Crops grown on very coarse or coarse textured
soils had the highest vulnerability indices regardless of rooting
depth (Figures 7A,B). Greatest vulnerability was associated with
crops grown with inefficient irrigation systems, flood and gun,
and least vulnerability was associated with crops grown with drip
and micro-irrigation (Figures 7C,D).

DISCUSSION

Irrigation Water Demand (IWD) in British
Columbia Agricultural Regions
The findings of this paper indicated that climate change alone
will likely lead to significant increases in IWD in BC. Under
the RCP4.5 scenario, which assumes emissions will peak around
2040 and decline thereafter, IWD in every region was projected to
increase>20%, while for the majority of regions a>30% increase
in IWD is expected. In the higher GHG emissions scenario
(RCP8.5) every region in BC was projected to experience a>30%
increase in IWD, while the majority will face a >40% increase.
These findings project significant increases in agricultural IWD
in BC, and align with previous research on the Okanagan Basin
(Neilsen et al., 2006). Past studies at the regional scale have
projected dramatic increases in IWD as a result of climate
change (Fischer et al., 2007; Rehana and Mujumdar, 2013;
Wada et al., 2013). The increases projected in IWD for BC
reiterate the need to enhance water infrastructure and decision-
making processes and the projections included in this paper can
be incorporated into future decision-making to address these
challenges. However, the uncertainty associated with future water
supply in the region (Merritt et al., 2006; Shrestha et al., 2012;
Clarke et al., 2015) highlights the need to integrate climate science
and future water demand with changes in water supply at the
basin and sub-basin scale in order to develop sound decisions.
This is currently of increasing importance as BC moves to
license groundwater. The results of these regional water demand

FIGURE 4 | Annual climatic effects on (A) the relative vulnerability index

(IWD/ETo) and (B) the area with IWD/ETo>1 in the Okanagan Basin for land

use data collected in 2006 and 2014.

model runs have been incorporated into a new web-based tool
which allows applicants for either groundwater or surface water
licenses to calculate the agricultural water demand for their
properties (http://www.bcagriculturewatercalculator.ca/), While
substantial in all regions, the projected increases in IWD were
not uniform across the province. Our findings illustrate that
the relationship between GHG emissions and IWD is unique to
each region. Interregional variation in projected IWD highlights
the significant influence of local climatic conditions. Under
both scenarios the range of projected increases was large
(RCP4.5∼20–60%, RCP8.5∼30–115%). Changes in temperature
affecting potential ETo appeared to be the major driver of
increased water demand, as there were no apparent trends in
precipitation data. These temperature effects were greater for
Interior than for Coastal regions. This stresses the need for a
localized and regional approach to water management in BC
(Cohen et al., 2006; Melnychuk et al., 2016) as the policies and
regulations put in place for one region may not work in another.

The course of global socio-economic development will also
have an uneven impact on BC’s IWD. Projected IWD did not
increase uniformly between the RCP4.5 and RCP8.5 scenarios
in all regions. This suggests that different regions have different
sensitivities to climate change drivers. In certain regions, a
future where GHG emissions grow exponentially may lead to
a near doubling of IWD relative to a future where emissions
decline after 2040. However, in other regions the trend in GHG
emissions has a limited effect on future IWD. Whether future
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FIGURE 5 | Relative vulnerability index (IWD/ETo) for Okanagan Basin cropping systems in 2003, in response to crop rooting depth and (A) soil texture for 2006

landuse data, (B) soil texture for 2014 land use data, (C) irrigation systems for 2006 land use data and (D) irrigation system for 2014 land use data.

GHG emissions follow a RCP4.5 or RCP8.5 path will have
serious implications for the climate sensitive regions in the
province. Accordingly, the integration of climate science and
water resource planning should be an ongoing process. Only
through continued research and reporting on rates of GHG
emissions and IWD will local decision-makers have access to
the most up-to-date information necessary for sound decision-
making.

Ongoing research into future water demand will also help
to address the uncertainty surrounding projected IWD. While
relative uncertainty can be regarded as low, absolute uncertainty
would be regarded as considerable for regional water purveyors.
In the majority of regions the absolute uncertainty surrounding
projected IWD in 2100 was comparable to the projected increase
in IWD. Further, the uncertainty grew when comparing RCP8.5
to RCP4.5. Uncertainty in projected IWD is related to the
level of understanding of our climate’s response to increasing
GHG emissions (Figure SPM.10 of https://www.ipcc.ch/pdf/
assessment-report/ar5/wg1/WG1AR5_SPM_FINAL.pdf; Figure
SPM.10 of https://www.ipcc.ch/pdf/assessment-report/ar5/wg1/
WG1AR5_SPM_FINAL.pdf). As the climate moves away from
historical norms, our understanding of the climate’s response
becomes weaker, and uncertainty increases. This explains the
greater increase in both absolute and relative uncertainty found
in the RCP8.5 scenario.While we can say with relative confidence
that IWD will increase in the coming decades, the uncertainty of
projected IWD emphasizes the need for a flexible and adaptive
approach to water resource planning.

Similar to projected IWD, the contribution of agricultural
land development to IWD will vary region to region. For
some regions it could far exceed the increases brought by
climate change alone, while for others agricultural development
would contribute relatively little to increased IWD. This is
contingent on the level of development, the amount of land
available for development, and the region’s sensitivity to climate
change. Some regions, for example the Cariboo Region, have
a large potential for increases in irrigated agriculture as much
of the Agricultural Land Reserve is currently used for dry
land ranching. However, the region is very remote, sparsely
populated and poorly served by transportation networks, which
may provide a substantial barrier to development. On the other
hand, there may be increased opportunities for the production
of high value horticultural crops in this region, particularly as
minimum winter temperatures moderate. Neilsen et al. (2017),
using phenologymodeling and terrain analysis, showed that areas
of the S. Cariboo region, particularly in the terraces adjacent to
the Fraser R, would become suitable for sweet cherry production
by the 2040s. At the other extreme, a region such as the S. Gulf
Islands, has little potential available agricultural land and is also
constrained by ground-water availability. These relationships
have important implications for land use management: first,
they again highlight the unevenness of projected IWD and the
need for regional decision-making; second, they stressed that
the benefits that may be brought by expanding the agricultural
land base must be weighed against the potential costs and risks
associated with increasing IWD. These might include the costs of

Frontiers in Environmental Science | www.frontiersin.org 13 August 2018 | Volume 6 | Article 74

https://www.ipcc.ch/pdf/assessment-report/ar5/wg1/WG1AR5_SPM_FINAL.pdf
https://www.ipcc.ch/pdf/assessment-report/ar5/wg1/WG1AR5_SPM_FINAL.pdf
https://www.ipcc.ch/pdf/assessment-report/ar5/wg1/WG1AR5_SPM_FINAL.pdf
https://www.ipcc.ch/pdf/assessment-report/ar5/wg1/WG1AR5_SPM_FINAL.pdf
https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/environmental-science#articles


Neilsen et al. Landscape Based Water Demand Modeling

new infrastructure; the costs of monitoring and modeling surface
and groundwater source; environmental risks from reducing in-
stream flows and aquifer levels; risks to producers if planting
crops at their climatic limits etc. Accordingly, water resource
planning should be undertaken at a regional level and adopt a
long-term perspective.

Okanagan Basin Case Study
Considerable attention has been focused on incorporating
science based decision making into water resource planning
in the Okanagan Basin (Melnychuk et al., 2016) and there
is on-going interest in pursuing both basin-wide drought
and flood management strategies. The Okanagan water
stewardship council, which is a long-standing committee of
water professionals includes representives of As much of the
region is supplied by large water purveyors, who have storage
licenses for large upland reservoirs and/or withdrawal licenses
from large valley bottom lakes, drought management strategies
are largely aimed at retaining sufficient storage for winter
and early spring withdrawals for non-irrigation purposes and
instream flow requirements. Thus the likelihood of “drought”
under these circumstances is increased by a combination of
low winter snowpack, high in-season ET and low in-season
precipitation. This type of drought differs from a hydrologic
drought, declared by the Province, when low river flows threaten
environmental flow needs in un-regulated streams. Projected
increases in agricultural water demand due to climate change (up
to 54%), while likely within the licensed volume for agricultural
purposes (Neilsen et al., 2006) may not be met by future water
supply (Merritt et al., 2006). Moreover, the findings of this
study indicated that even within the recent historical climatic
range, allocation of water resources may not be adequate to meet
agricultural needs in some areas. In the N. Okanagan irrigation
district, the area potentially vulnerable to under-allocation was
>50% in all but the coolest and wettest years which was due to
both a low maximum allocation value and to the crop profile in
the region. Forage and pasture production systems which rely
on less efficient irrigation systems (sprinklers, irrigation guns
and flood irrigation) are the most vulnerable to under-allocation
and comprise 73% of the irrigated area in the N. Okanagan,
compared to around 50% in the basin as a whole. In contrast, the
irrigation district in the S. Okanagan which had a much lower
potential for under-allocation was characterized by a higher
allocation value and only around 25% of the irrigated area in
pasture and forage crops.

Unfortunately, the majority of irrigation districts and water
purveyors in the basin have not defined maximum water
allocations, so this type of analysis was not possible. However,
there was a strong relationship between the relative vulnerability
index (IWD/ETo) and the water allocation vulnerability index
(IWD/max water allocation) with R2-values varying between
0.82 and 0.92 for the three irrigation districts (n = 10,000–
124,722 land use polygons × 4 years). Taking this into
consideration, if maximum allocations are imposed across
the basin as drought planning continues, there is potential
for considerable vulnerability to insufficient water availability
for some production systems. That these vulnerabilities are

TABLE 7 | Areal distribution of soil texture groups, irrigation system groups and

crop rooting groups for three Okanagan irrigation districts (North, Central, South)

in 2006 and 2014.

Region % Irrigation district area

Soil texture

V. coarse Coarse Medium Fine V. fine

North 2006 0.1 0.3 54 25 21

North 2014 0.1 0.4 58 26 16

Central 2006 0.4 25 61 3 11

Central 2014 0.1 25 64 3 9

South 2006 0 8 65 27 0

South 2014 0.1 8 65 27 0

Irrigation system

Drip Micro Sprinkler Gun Flood

North 2006 11 3 57 29 0

North 2014 9 6 69 17 0.2

Central 2006 5 39 51 6 0

Central 2014 25 32 41 1 0

South 2006 25 12 62 0.4 0

South 2014 32 16 48 4 0

Crop rooting

V. deep Deep Grape Medium Shallow V. Shallow

North 2006 26 10 0.2 7 56 0.6

North 2014 35 22 0.6 13 29 0.2

Central 2006 6 28 7 31 28 0

Central 2014 2 26 15 19 38 0

South 2006 0.6 9 7 34 50 0

South 2014 4 11 16 28 41 0

already evident for historic climatic conditions before the 34–
54% increase projected in response to climate change, or
potential 30% potential increase in irrigable land, emphasizes
the need for adaptive measures both in water use and drought
planning.

Adaptation to potential shortfalls in water supply due to
current production methods can best be achieved through
changes in irrigation management. Conversion to low pressure
irrigation systems (drip, micro-sprinkler, LP-center pivot)
increases irrigation efficiency to 78% and greater. Such changes
are already underway in the horticultural sector in the region
where water was supplied to 38% of the irrigated area through
micro-sprinklers or drip in 2006 and to 68% of the irrigated
area in 2014. This provides a number of benefits to producers
including the ability to target water spatially and temporally
to meet plant demand; to produce plants which are tolerant
of partially dry soils and to allow maintenance of the same
irrigation practice under mild drought conditions if water use
is well below maximum allocations. There are also options to
increase efficiency within pasture and forage crops. Low pressure
center pivot irrigation has been widely adopted in many regions.
A recent study of Alberta irrigation districts indicated that 76%
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FIGURE 6 | Area of irrigated land where IWD exceeded annual allocations in three irrigation districts from the Okanagan basin in response to (A) 2006 and (B) 2014

land use data.

of the irrigated area was in the process of change to more efficient
management and that mostly was due to the use of LP-center
pivot systems (Wang et al., 2015). In the Okanagan basin, the
small area of pivot irrigation increased from 442 to 484 ha
between 2006 and 2014 with LP-center pivot from 1 to 67%.
The extent to which the size of land holdings and topography
limit the adoption of center pivot technology in this region is
unclear and requires further study. The use of sub-surface drip
(95% efficient) has also been adopted for forage corn, alfalfa and
grass pasture in regions with severe water shortages including
the US Great Plains (Lamm et al., 2012a) and Australia (Wood
and Finger, 2006) and is gaining in popularity due to improved
technology and crop production (Lamm et al., 2012b), despite
some concerns about the economics of installation (Heard et al.,
2012). There has been little adoption of this technology in the

Okanagan region with a decrease from 43 to 3.2 ha between 2006
and 2014.

Other irrigation adaptation strategies include the use of deficit
irrigation. In addition to the inherent efficiency found in deep-
rooted grape vines, water use for wine-grape production is
often controlled through planned deficits which reduce canopy
development and enhance fruit quality (Keller, 2010). Use of
small deficits, without detrimental effect has been reported for
tree fruits (Marsal et al., 2009, 2010; Neilsen et al., 2016), but there
is insufficient evidence for adoption as practical management tool
to enhance fruit value and further research is required.

Adaptation to water shortages may also be addressed by
drought planning, which requires the development of watershed
supply information and models in addition to water demand
modeling. Forecasting droughts on a seasonal basis is aided to
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FIGURE 7 | Allocation vulnerability index (IWD/Maximum water allocation) for cropping systems in 2003 in the North Okanagan, in response to crop rooting depth and

(A) soil texture for 2006 landuse data, (B) soil texture for 2014 land use data, (C) irrigation systems for 2006 land use data, and (D) irrigation system for2014 land use

data.

some degree in regulated watersheds by understanding the role
of storage, in particular the switch from stream to storage use
and the requirements until the next freshet. Early use of stored
water will often determine the imposition of watering restrictions
and with early warnings producers may have some options to
offset water shortages (Marsal et al., 2009, 2010; Neilsen et al.,
2016). Drought planning is frequently approached by universal
application of percentage reductions in water allocations in
response to declared drought stages and this is often interpreted
as a percentage reduction in current producer use. Cropping
systems which have a low vulnerability index are already using
less than the maximum allocation and likely have little room
for further reductions in water use. Similarly, some systems,
particularly in pasture/forage production may be chronically
under-supplied unless the most efficient irrigation technology is
adopted. Thus drought planning may need to take into account
both a realistic development of water allocation thresholds and
incentives for changes in irrigation management that go beyond
the use of water pricing as the major mechanism for change
(Melnychuk et al., 2016). A further option is the development of
more water storage if there is sufficient water supply to fill new
reservoirs.

In summary, future IWD will vary regionally across the
province and in response to different GHG emission scenarios.
These findings stress the importance of regional, adaptive
decision-making undertaken with a long-term perspective that
incorporates the latest climate science. A detailed analysis of
the Okanagan Region illustrates the complexity of drought
management issues. Vulnerability to a potential under-supply
of water has been identified, particularly for the pasture/forage
systems underpinning high value animal production which are

typical of many agricultural regions in the province and may
require economic support for farmers in the adoption of more
efficient irrigation systems. In addition more research is required
into the adoption of efficient water use practices by all water users
Boland et al. (2005) documented considerable resistance to new
irrigation practices in Australia for example, but the comparative
land use surveys in the Okanagan region documented in this
paper have shown widespread adoption of efficient irrigation
systems by some sectors.

The current paper deals only with changes in annual demands
in response to climate and expanded agricultural land use. To
add to our understanding of future IWD, the IWDM can be used
to track seasonal shifts in IWD as changes in the timing and
volume of water demand have been highlighted as important not
only to BC farmers, but also to the maintenance of stream flows
for ecological requirements. Additionally, the IWDM could be
used to examine the shifting composition of BC agriculture in
response to climate change. It is unlikely that this will remain
static over the coming decades as temperature and precipitation
patterns shift.

The scope of this study was restricted to current and future
agricultural IWD in relation to environmental changes brought
about by climate change. These cannot be separated from
climate change effects on water supply and other ecosystem
requirements. Any decision regarding water management will
also need to address requirements to provide ecosystem services
as well as economic, demographic, and social drivers of
water demand. Additionally, the impacts of non-agricultural
water demand for both outdoor irrigation and indoor uses
should also be factored into water management decisions. Such
discussions necessarily will require input from both stakeholders
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and decision makers. A successful model for collaborative
decision making is the Okanagan Water Stewardship Council
(Melnychuk et al., 2016), which has a membership of local,
regional, provincial, federal and First Nations planners and
technical experts. In addition there are members from academia,
professional associations and sector groups (forestry, agriculture,
tourism). The group provides technical support, develops policy
and participates in water science projects for the regional
Okanagan Basin Water Board, a regional political entity with
local government members. A recent collaborative project of
this group with the Okanagan Nation Alliance on environmental
flow needs highlights the importance of incorporating First
Nations knowledge in collaborative decision making. Beyond the
regions we have reported on in this paper, there is also major
competition for both agricultural land and water resources from
other industries. For example, the Peace River region in Northern
BC will lose land to hydro-electric power generation after the
construction of the site-C dam and considerable water resources
are also being used by the oil and gas industry.
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